The investigation of complexation of uranium with biological active ligands is vital for understanding uranium speciation in biosystems. A number of studies have been undertaken for investigating the complexation of uranium in its (VI) oxidation states but similar investigations pertaining to the interaction of uranium, in lower oxidation states, with biological ligands is scarce. The aim of the work is to bridge this gap and studies have been carried out to determine the coordination pattern of pyridine-3-carboxylic acid with uranium(IV). Semi-micro analysis, spectro-analytical techniques, magnetic susceptibility and cyclic voltammetry have been employed for the characterization of the synthesized complex.
Introduction
The presence of uranium in the crust of the earth is about 2 parts per million and among the elements, ranks about 48th in natural abundance in crust's rocks. It is also present in seawater, though in very small concentrations of about 3.3 ng/mL, but distributed uniformly all over the world [1, 2] . We cannot ignore the importance of research on behavior of this metal in biosystems. A score of publications have been surfaced on the complexation tendencies of uranium(VI) with different biological ligands [3, 4] . The aim of this work is to examine the interaction of uranium, in its (IV) oxidation state, with a ligand of biological significance i.e. pyridine-3-carboxylic acid (Figure 1) . Pyridine-3-carboxylic acid (also known as Nicotinic acid) is an essential vitamin. It possesses two potential ligating groups; pyridine ring nitrogen and carboxyl oxygen. But when it acts as a monodentate ligand, bonding may occur through either of these sites [5] . Different techniques have been employed to characterize the newly synthesized complex of uranium(IV) with pyridine-3-carboxylic acid.
Experimental

Materials and Method
Uranium(VI) stock solution, prepared by dissolving ura- nyl nitrate hexahydrate, (B.D.H) (1.255 g, 2.5 mmol) in 0.2 M HCl (25 ml), was reduced to uranium(IV) by catalytic hydrogenation, in the presence of platinized alumina (Aldrich) as a catalyst [6] . The complex was prepared by mixing pyridine-3-carboxylic acid (0.6155 g, 5 mmol) to that of metal ion solution whose concentration was predetermined. Small volume of NaOH (1 M) solution was then added to the reacting mixture to adjust the pH between 4.5 and 5. It is the pH range where precipitation of the desired complex occurs. The precipitates of the complex thus formed were filtered through whatmann 542 filter paper and washed with deionized water and 99% absolute alcohol. The residue was dried over silica gel.
U Nic OH 2H O ⋅ mol.wt. 552.22 g/mol. Found: C, and S contents. uranium(IV) analysis was performed by means of a volumetric titration with K 2 Cr 2 O 7 , using barium salt of diphenylamine sulphonic acid as an indicator [6] . UV-Visible spectra of free metal and metal plus ligand solutions were taken using Shimadzu UV-160A UVVis Spectrophotometer. IR spectra of complex and the ligand were recorded for the wavenumber range of 4000 -400 cm −1 using IR Prestige-21 FTIR spectrophotometer. IR assignments of pure ligand were also confirmed from literature. The spectra were recorded in association with KBr through the discs, prepared for this purpose. Sherewood Scientific Magnetic Susceptibility Balance (M.S.B) was used to measure magnetic susceptibility values of the complex in solid state. Cyclic voltammetric measurements were carried out on Electrochemical Analyzer/workstation, CHI 660C, under nitrogen atmosphere at 302 K. A platinum working electrode, a platinum-wire counter electrode and an Ag/AgCl reference electrode were used in a single three electrode cell. Figure 2 depicts a comparative illustration of UV-Visible absorption spectra of free uranium(IV) solution and a solution of complexed uranium(IV) with pyridine-3-carboxylic acid. The pattern of absorption of visible radiations remains same with the slight bathochromic shift. However, the absorption intensity of metal in the presence of the ligand increases. The value of molar absorptivity coefficient for the synthesized complex, calculated from the data of UV-Visible absorption of the complex is tabulated in Table 1 . The mole ratio plot at different wave lengths (Figure 3) gives an evidence of formation of the complex with 1:2 metal to ligand ratio.
Results and Discussion
UV-Visible Measurements
The bathochromic shift for the bands at 644.0 nm and 631.0 nm is almost equal but the increase in the intesity of 644.0 nm band is stronger than that for 631.0 nm. This indicates that in the complex the largest decrease in transition energy occurs for the transition between the ground level 3 H 4 and 1 G 4 . The bathochromic shift and an increase in the absorption intensity indicate a more uniform distribution of electronic charge over the whole compound and that around the central ion [7, 8] .
IR Spectra
The infrared spectrum of uranium(IV) complex with pyridine-3-carboxylic acid is shown in Figure 4 . The characteristic infrared absorption frequencies of the ligand and complex are summed up in Table 2 . In pyridine-3-carboxylic acid the major IR bands, due to the carboxylic group at 1703.0 and 1415.7 cm
, remain almost uninterrupted in the spectra of its complex with uranium(IV). In contrast, IR spectra of these complexes exhibit considerable perturbations related to the significant vibrational frequency of the pyridine moiety of the ligand. Absorptions at 1589.2 and 1490.9 cm −1 due to v (CC) and v (CN) modes respectively and that of the pyridine ring vibrations at 1031.8 and 950.8 cm −1 of the uncoordinated ligand undergo significant positive shifts. These vibrational fre- Table 1 . Energy levels assigned to the absorption spectra of free uranium(IV) and its complex with pyridine-3-carboxylic acid in aqueous media.
Uranium(IV) Solution in the Absence of Ligand
Solution of Uranium(IV)-Pyridine-3-Carboxylic Acid Complex Table 2 . IR assignments for uranium(IV) complex with pyridine-3-carboxylic acid.
uency shifts ( Table 2 ) show decisively that coordination of the ligand takes place via its pyridine ring nitrogen atom to the metal ion alone. It can be concluded that the ligand is acting as a monodentate entity [9] [10] [11] . 
Magnetic Susceptibility
The results of magnetic susceptibility measurements are summarized in Table 3 . The μ eff value, of the synthesized complex at room temperature, was estimated using Curie law. The difference in experimental value from the value calculated assuming spin-only magnetic moment, implying that the magnetic moments are not isolated. These do interact with the adjacent centers, as might be expected if magnetic dilutions are not adequate [12] .
Electrochemical Studies
The cyclic voltammograms of uranium(IV)-pyri-dine-3-carboxylic acid complex (5e−3 M) in aqueous media (2 M HClO 4 ) at different scan rates are shown in Figure 5 . At 50 mV/s scan rate of the anodic and cathodic peaks appear at 1.299 V and 1.029 V respectively. The complex exhibits a pair of cathodic and anodic waves. The anodic peak shifts somewhat towards positive side and cathodic peak moves towards negative side with the raise in scan rate ( Table 4) . The values of peak potential separation ( )
are greater than the theoretical value (0.059 V) for the reversible one electron transfer process. It was also observed that separations between peak potentials increases with the increase in scan rate (Figure 6 ) are the indicative of charge transfer kinetics [13] . The values for ( ) 2
pA pC E E + remain constant up to two decimal places, regardless of the scan rate with exceptions. In addition to that the anodic peak currents vary linearly with the square root of the scan rate (Figure 7) . These results lead to the conclusion that the complexes of uranium(IV) oxidized quasi-reversibly to uranium(V) species at Platinum electrode [14] . rate (Figures 8 and 9 ). These observations lead to an assumption of an ECE mechanism. The U(V) species formed by the oxidation of U(IV) is unstable and disproportionates into U(IV) and U(VI). No reduction current due to U(VI) species was observed [15] .
Determination of Diffusion Coefficient
The diffusion coefficient of the synthesized complex was calculated using Randles-Sevcik equation [16] .
( )
where I p is the peak current (in amperes), n is the number of electrons transfer in the reaction, F, R and T have their usual meanings, A is the surface area of the electrode (0.0314 cm 2 in this case), C is the concentration (in mole/ cm 3 ), D o is the diffusion coefficient (in cm 2 /s) and ν is the scan rate (in V/s). The system seems not to be reversible but quasi-reversible. The above equation is verified in Figure 7 , wherein the current was not only controlled by diffusion but also by charge transfer kinetics. The value of D o , calculated from the slope of plot pC I vs 1 2 ν (Figure 7 ) is equal to 3.741e−6 cm 2 ·s −1 .
Determination of Heterogeneous Electron
Transfer Rate Constant The heterogeneous electron transfer rate constant "k s " was calculated by using the following equation [17] .
( ) Where β is the dimensionless parameter known as electron transfer coefficient, D o the diffusion coefficient of the oxidized species in cm 2 /s, n the number of electrons transferred,
exp
o s p A p C D nF nF k E E RT RT β ν β   −   = −        (2)
Estimation of Thermodynamic Parameters
ν the scan rate, ( ) pA p C the peak separation and F, R and T have their usual meanings. Assuming the value of 0.5 for β the value of heterogeneous electron transfer rate constant "k s ", at 50 mV/s, was calculated to be 1.25e−5 cm·s
Evaluation of thermodynamic parameters were made by calculating heterogeneous rate constants s at various temperatures ( Table 5 ). The increasing value of heterogeneous rate constant with increase in temperature, is an indication that oxidation of uranium(IV) at Platinum working electrode is an endothermic process. Following equations were used to estimate thermodynamic parameters.
Above equation can be rewrite as
Hence, the expression can be modified as
where het Z is the collision number for the heterogeneous electron transfer process and by using the equation
, its value can be determined at a particular temperature, where M is the molecular weight of the reacting species, R is the general gas constant and T is the temperature in Kelvin. The value of 298 , an apparent free energy of activation, at 298 K were calculated using the equation.
The value of ∆H * and ∆S * for each of the synthesized complex were evaluated from the slope and intercept of the plots of ln (Figure 10) . 
The values of
Conclusions
The study of uranium(IV) complex with pyridine-3-carboxylic acid shows that the ligand coordinates only via its pyridine ring nitrogen with metal to ligand ratio 1:2. Ahuja et al. also observed complexation of the same pattern while complexing this ligand with uranyl ion [5] . The oxidation of the synthesized complex of uranium (IV) leads to the formation of uranium(V) species. Following the oxidation process, disproportionation of uranium (V) takes place, representing an ECE mechanism. Moreover, the oxidation of uranium(IV) at platinum working electrode is an endothermic and non-spontaneous process.
